Abstract The alarm pheromones often released by animals under stressful situations seem to elicit behavioral changes in conspecifics, which in the appropriate context can be viewed as anti-predatory responses. However, the releasing of alarm pheromones associated with predatory events has not been demonstrated in mammals. In the current study with wild-caught Cabrera voles, we carried out experiments in the laboratory and in the field to assess the release of alarm pheromones in scent-marks during simulated predatory events and disclose their effects on conspecifics. We first conducted an assay wherein voles where let to scent-mark a clean substrate in the absence of disturbance (control) and under the simulation of predatory events. Contrarily to the control, no fecal boli were released and the area marked with urine was significantly larger during the predatory simulation. In a subsequent assay, we assessed the voles' preference between urine-marks released under predatory simulation and in control conditions. Voles showed a significant preference by control substrates. Finally, a third assay was carried out in the vole's habitat wherein the individual activity was monitored by radio-tracking before and after placement of urine-marks obtained during the conditions described above. The vole's activity was only reduced near the urine-marks released during the simulated predatory events. The results suggest that: (1) during predatory attempts, Cabrera voles release an alarm pheromone in their urine-marks; (2) the putative alarm pheromone reduces the voles' activity in the surroundings of the marked area; (3) the putative alarm pheromone persists in the field affecting conspecifics' activity for several days.
Introduction
Many animals emit alarm signals in response to a stressful situation, particularly on the approach of predators or under a predatory attempt (Wyatt 2003; Caro 2005; Holle´n and Radford 2009) . These alarm signals may be directed to conspecifics in order to warn them of an impending danger and promote anti-predatory responses and/or directed to predators in order to deter them or attract additional ones, thus disrupting the predation event (Sherman 1985; Mathis and Smith 1992; Mathis et al. 1995; Wyatt 2003; Caro 2005) . Often warning alarm signals' evolution had been viewed as one of the most puzzling questions in behavioral ecology since alarm signaling has a relative high cost to the signaler but no obvious direct benefits (Williams 1964 (Williams , 1992 Taylor et al. 1990; Mathis et al. 1995) . Nevertheless, some of these signals may have delayed benefits for signalers, such as saving the lives of individuals who will reciprocate in the future (Trivers 1971; Ashton et al. 1998) , of potential mates (Witkin and Fitkin 1979) , or other group members in circumstances where group living is beneficial (Smith 1986) . Moreover, truly altruistic signals may have evolved in situations where the benefits fall on related individuals (Sherman 1977; Mathis et al. 1995; Wu et al. 2010) .
The alarm signals may take many forms, being mostly visual, auditory, or chemical. Some of the prey use chemical alarm signals to convey information to conspecifics about the location(s) of predation attempts. This information induces conspecifics' avoidance of those areas, reducing the risk of predation, which increases individual and overall population fitness. Chemical alarm signals are left in areas where stressful events have occurred and are termed ''alarm pheromones'' (Schreckstoff) (Abel and Bilitzke 1990; Abel 1991; Zalaquett and Thiessen 1991; Cocke et al. 1993; Kikusui et al. 2001) . Alarm pheromones are seemingly widespread in the animal kingdom (Hrba´cˇek 1950; Moser et al. 1968; Blum 1969; Rottman and Snowdon 1972; Wilson 1975; Hews 1988; Lawrence and Smith 1989; Halpern 1992; Mathis and Smith 1993; Ackerl et al. 2002; Brown et al. 2004; Chen et al. 2006 ) and, among mammals, they have been studied in domestic pigs (Vieuille-Thomas and Signoret 1992), cattle (Boissy et al. 1998) , rats (Valenta and Rigby 1968; Abel and Bilitzke 1990; Abel 1991 Abel , 1993 Kikusui et al. 2001; Hauser et al. 2008 ) and laboratory mice (Zalaquett and Thiessen 1991) . In rodents, alarm pheromones induce avoidance of the scent-marked area (Carr et al. 1970; Rottman and Snowdon 1972; Mackay-Sim and Laing 1980; Zalaquett and Thiessen 1991) , freezing behavior (Kikusui et al. 2001; Hauser et al. 2005) , decreased resting behavior (Kikusui et al. 2001 (Kikusui et al. , 2004a Kiyokawa et al. 2004a) , and promote hiding and risk-assessment behaviors (Kiyokawa et al. 2006) .
Most, if not all, studies of alarm pheromones in mammals have been carried out with domestic/ laboratory strains living in laboratory-conditioned environments, such as Wistar rats (Kikusui et al. 2001; Kiyokawa et al. 2004b Kiyokawa et al. , 2006 Gutierrez-Garcia et al. 2007; Hauser et al. 2008) , male Sprague-Dawley rats (Abel 1993) , BALB/cJ mice (Zalaquett and Thiessen 1991) , Aubrac cattle (Boissy et al. 1998) , and domestic pigs (Vieuille-Thomas and Signoret 1992). To our knowledge, no free-ranging mammals from wild species living in natural environments were evaluated until now. Domestication and other artificial selection processes commonly entail intentional or unintentional changes in animal physiology and behavior repertoire, becoming poorly secure to infer behavioral traits of wild species of mammals (Smith et al. 1994; Price 1999) . Thus, information about the release of putative alarm pheromones and its effects in naturally occurring species are actually missing. Moreover, in studies using labstrain rodents or other domesticated mammals, the stressor stimuli most commonly used are foot-shocks (Mackay-Sim and Laing 1980; Kikusui et al. 2001; Gutierrez-Garcia et al. 2007 ), force-to-swim (Abel 1993) , and other artificial aversive stimulation paradigms (Hauser et al. 2008 ) which lack adaptive value, since it is unlikely that such stimuli occur naturally. Stimuli that induce the release of alarm pheromones in domestic/laboratory mammals do not match common naturally occurring stress stimuli like experiencing a predatory attempt. This raises questions about the role of predation events in the release of alarm pheromones and how these substances affect the behavior of conspecific receivers.
Casual observations during live-trap sessions of Cabrera voles (Microtus cabrerae, Thomas, 1906) , such as an apparent avoidance of traps where voles had been caught previously, suggested the release of a putative alarm pheromone. The Cabrera vole is a rare microtine, endemic from the Iberian Peninsula with a highly fragmented population (Palomo and Gisbert 2002; Mira et al. 2008) . It is a habitat specialist that lives in areas associated with humid tall herb communities (Fernandez-Salvador 1998; Santos et al. 2005 Santos et al. , 2007 , which are relatively rare and marginal, and occur as rather isolated patches (Pita et al. 2006) . Like other rodent species, scent-marking with urine seems to mediate the reproductive behavior of the Cabrera vole (Gomes et al., submitted), however, the release of a putative alarm pheromone has not been investigated. In Cabrera voles, an alarm pheromone is likely of high value to reduce predation risk due to the small size (<0.2 ha) of suitable habitat patches (Pita et al. 2007 ) that may favor predators.
The objective of the current study was to test the existence of alarm signals released by Cabrera voles that may warn conspecifics about a predatory risk. This study was focused in scents that are commonly considered as being the more resilient in the releasing site, i.e., those placed over the substrate (scent-marks) in contrast with more volatile substances that are released to the air (Kikusui et al. 2001; Hauser et al. 2008) . Three experiments were carried out to: (1) attest changes in scentmarking induced by a simulated predatory attempt; (2) verify voles' preference between scent-marks released during the simulated predatory attempt and those released in the absence of such stressful event; (3) evaluate the effect of alarm scents on conspecific voles in their natural habitat.
We focused our study only to determine if Cabrera voles release alarm pheromones in their scent-marks under a predatory attempt, to warn conspecifics. Other hypotheses for the evolution of alarm pheromones, including predation deterrent function (Mathis and Smith 1992; Mathis et al. 1995; Wyatt 2003) , are not incompatible with the conspecific alarm function, but are not addressed in our study.
General methods
The animals used in this study were adults (body weight >28 g; Fernandez-Salvador et al. 2005a, b) wildcaught Cabrera voles from southern Portugal. Voles were caught using Sherman live traps (7 · 23 · 9 cm) baited with apple and supplied with hay and hydrophobic cotton for bedding (Pita et al. 2010) . Traps were placed at likely capture sites, which were assessed by checking eaten apple trials left in the area during the previous 2-4 days, and then the traps were checked every 8 h. Pregnant females were identified by abdominal palpation and released in their habitat.
Prior to the experiments in the laboratory, the captured voles were housed individually in glass cages (70 · 40 · 40 cm) containing soil and vegetation to mimic their original habitat. The cages were kept in a room at 18-21°C with a long photoperiod (14:10 h, L:D). Food (several grass species collected daily supplemented with apples) and water were provided ad libitum (Fernandez-Salvador et al. 2001) .
All the procedures were approved by Portuguese governmental authorities, the Institute for Nature and Biodiversity Conservation, and conformed to the guidelines approved by the American Society of Mammalogists for the use of wild mammals in research (Gannon et al. 2007 ), and to the guidelines for the treatment of animals in behavioral research (ASAB 2006) . At the end of the experiments, all animals were returned to the same location where they were caught.
Experiment 1
The first essay was carried out to assess changes in scentmarking behavior induced by a simulated predatory attempt. Firstly, one female or one male was placed in a small glass arena (63 · 29 · 40 cm) with a clean paper sheet (substrate) on the bottom, and scent-marking was allowed for 30 min. The vole was then removed to the respective home cage, the substrate was allowed to dry for 10 min, and then was observed in a darkroom to identify scent-marks (i.e., urine, feces, and anogenital marks) and trace them with a pencil under UV-light (Desjardins et al. 1973) . The area marked with urine was assessed by overlaying a transparency film with a grid of 7,308 squares (0.25 cm 2 each); all the squares that covered at least 50 % of the urine marks were accounted for estimation of the marked area. The scent-marked substrates were stored in clean plastic pockets at À20°C until use in the second experiment (see below). After at least 24 h, the same procedure was carried out with the same individual, but now exposed to a predatory event stimuli (here after referred as PES) for 30 min: simultaneous exposure to (1) playback calls of the tawny owl (Strix aluco) alternated with calls of the barn owl (Tyto alba) at 5-min intervals (Hendrie et al. 1998; Eilam et al. 1999) ; (2) visual access to a domestic cat in a cage placed next to the arena (Figueiredo et al. 2003) ; (3) simulation of capture during 1 min at the beginning of the test, which was repeated two more times at 10-min intervals; during the last capture simulation, the observer wearing gloves captured the vole and released it immediately afterwards. The substrates were then analyzed for type and extension of scent-marks as described above. The experiment was replicated with 20 adult voles of each sex. To prevent contamination with human scents, disposable latex gloves were used to manipulate all substrates.
Experiment 2
The second essay was carried out to assess the preference of Cabrera voles between substrates with urine-marks of conspecifics exposed to PES and substrates with urinemarks of conspecifics released during the non-stress condition (hereafter referred to as the NS condition); the substrates used in this essay were obtained during experiment 1 (see above) and the choice test was done with the substrates scent-marked by the same vole during the NS and PES events. To prevent the effect of different scent-marked areas between the two type of substrates, five squared sections (1 cm 2 each) of scentmarked areas (after thawing each substrate for 30 min at room temperature) were cut off from each type of scentmarked substrate and glued on top of two clean paper sheets (each being 63 · 29.7 cm), respectively, as shown in Fig. 1 . These scent-marked substrates were placed on the bottom of a glass arena (89.1 · 63 · 40 cm; Fig. 1 ) with an equal-size clean paper sheet between them. In each replicate, one vole was placed in the center of the arena inside a bottomless mesh cage for 2 min; then the cage was removed using a remote device to avoid visual contact with the observer allowing the animal to move freely inside the arena for 30 min. The vole's behavior was recorded on video for subsequent analysis; the behavioral data collected were the voles' first choices (which scent-marked substrate was chosen after removing the habituation cage) and time spent over each of the two substrate types (NS condition vs. PES). The experiment was replicated with 20 adult voles of each sex; half of each sex individuals were tested with the same sex scent-marked substrate and the other half were tested with opposite sex scent-marked substrate.
Experiment 3
The third experiment was carried out in the field to assess the effects of alarm scents on conspecific voles in wild conditions.
The normal activity pattern of ten animals (five males and five females) was accessed by radio-tracking. Adult voles were caught within suitable habitat patches and were fitted with radio-transmitter collars (Wildlife Materials, Inc., Murphysboro, IL, USA); the collar added only up to 5 % of the vole's weight, thus avoiding significant additional energetic costs to the animals. The voles were lightly sedated with a subcutaneous injection of Dormitor (0.2 mg/kg) to reduce handling stress, and after the placement of the transmitter collars, an equivalent dose of Antisedam was administered to reverse the anesthesia effect. Before release, collared animals were kept in a cage and observed for at least 2 h to ensure that they were suffering no ill-effects or loss of mobility (Pita et al. 2010) . Radio-tracking started at least 4 h after trap removal and the release of animals at their point of capture (Gray et al. 1998; Pita et al. 2010 ).
Radio-tracking schedule consisted of six different intervals of 4 h covering a complete 24-h cycle (0000-0345; 0400-0745; 0800-1145; 1200-1545; 1600-1945; 2000-2345) . These intervals were alternatively surveyed for each animal, starting each one at least 8 h after the previous session. Each session consisted of registering the individual's location at 15-min intervals, totaling 16 fixes recorded per animal per session (Pita et al. 2010 ). Voles were located by homing and multiple triangulations using a TRX-100S receiver and three-element Yagi antenna (Wildlife Materials, Inc., Murphysboro, IL, USA) (Pita et al. 2010) . Each location was recorded using GPS equipment that typically yielded an error of 3 m. Active/inactive animal condition was registered by fluctuation versus stationary radio-signal (Pita et al. 2010) . Tracking was carried out during 12 sessions of 4 h to obtain two complete 24-h cycles.
All the information about the location of each vole was included in a GIS database. A Kernel density function was used to identify higher activity areas (here after referred as ''HiA''), based on 75 % utilization contour. The threshold of 75 % utilization contour was preferred to the 50 %, typically used in core activity areas identification, since the core areas expected for Cabrera voles were too small (mean = 55.1 m 2 ; Pita et al. 2010 ) to carry out subsequent experimental procedures. Smoothing parameters were determined by least squares cross-validation (LSCV). To reduce a potential LSCV non-convergence due to identical or spatially close locations, we used only the active locations (Hemson et al. 2005; Pita et al. 2010) . HiA size ranged between 120.3 and 698.1 m 2 (mean ± SE = 259.57 ± 54.34). Inside each vole's HiA, five points were randomly selected (hereafter called ''experimental points'') for the placement of previously collected scents (see below). In each experimental point, we randomly placed the following stimuli: (1) PES urine-marks of a male; (2) NS urine-marks of the same male; (3) PES urine-marks of a female; (4) NS urine-marks of the same female; (5) no urine-marked substrate as control. The placement of stimuli in each experimental point was carried out using a custom-built structure: a halfsection PVC pipe covering a plasticized metallic mesh envelope on top of which was placed the scent-marked substrate; this structure was meant to attenuate possible rain/humidity negative influence on the persistence of the urine scent-marks. PES and NS scent-marks were obtained as in experiment 1, except that the bottom of the arena was covered with a clean transparent plastic film. Immediately after removing the vole from the arena, urine scent-marks placed in ca. 9 cm 2 of plastic film were removed with a clean cotton cosmetic pad, which was then kept inside clean plastic tubes at À20 ºC until use.
Radio-tracking of the voles was resumed at least 8 h after placement of the scent-marks in the field and continued over two complete 24-h cycles. Then all the voles were re-captured to remove the radio-collars. Fig. 1 Diagram illustrating how Cabrera voles' scent marks collected during experiment 1 were placed on the substrates for the preference test in experiment 2. Clean paper-sheet substrates were initially marked by both sexes for 30 min (experiment 1). Five 1-cm 2 squares of scent-marked areas were cut off and placed on clean paper-sheet substrates that in turn were placed in a larger arena wherein experiment 2 was carried out. On the right, top view of the location of the scent-marks samples on clean substrates
Data analysis
The total area scent-marked with urine in experiment 1 was compared between PES and NS conditions using the Wilcoxon signed-rank test. In addition, the total area covered with urine scent-marks during PES was compared between sexes using the Mann-Whitney U test. For the data of experiment 2, the total time spent on each substrate was analyzed with the Wilcoxon signedrank test, and first choices were examined with Chisquare tests. Cross-tabulation (Person's v
2 ) was used to analyze whether substrate first choice was independent of the vole's sex.
For experiment 3, the effect of the different stimuli on voles' activity was assessed by comparing the proportion of voles' active locations (after arcsine transformation) within a distance of 4 m from the stimuli location point before and after stimuli placement with repeated-measures ANOVA. The threshold distance was defined taking into account the typical GPS error and minimum distance to other experimental points. All statistical procedures were performed with PASW, version 18 (2009).
Results

Experiment 1
When exposed to the NS condition, Cabrera voles only released urine and feces marks; no anogenital marks where detected. Both sexes marked a significant larger with urine area when exposed to PES than in a NS situation (males, z = 3.88, p < 0.001; females, z = 3.92, p < 0.001; Fig. 2) . No significant differences were observed in urine-marked areas between males (610.09 ± 66.86 cm 2 ) and females (655.89 ± 79.55 cm 2 ) when exposed to PES (U = 186.00, p = 0.71; Fig. 2 ): For both sexes, the number of fecal boli released was higher during the NS condition than during the PES (males, z = À2.94, p < 0.01; females, z = À2.96, p < 0.01; Fig. 2) ; no fecal boli were left on the substrate during the PES.
Experiment 2
Both sexes had a significant preference towards NS substrate, spending less time over PES substrate than over NS substrate (females, z = À2.016, p < 0.05; males, z = À1.979, p < 0.05; Fig. 3 ).
In the beginning of experiment 2, the first choice of 27 tested animals (13 males and 14 females) was to move towards the NS substrate, revealing a significant selection for this substrate condition (v 2 = 4.90, df = 1, p < 0.05, n = 40). The individuals' first choice was independent from tested animal sex (Cross-tab 2 Mean (±SE) number of fecal boli and urine-marked area placed by both sex individuals (20 females and 20 males) over clean substrate, in a small arena over 30-min trials, in a non-stress situation (NS) and exposed to predatory stress stimuli (PES). Asterisks indicates significant differences between scent-marked areas (p < 0.01, Wilcoxon signedrank test) Experiment 3
During radio-tracking of the Cabrera voles, we registered on average 87.90 active points before the treatment and 81.72 after. No significant differences were observed in the proportion of active locations near all control experimental points (F 1,9 = 0.62, p = 0.45, n = 10; Fig. 4 ), neither near any NS scent-marks experimental points (male NS, F 1,9 = 0.40, p = 0.54, n = 10; female NS, F 1,9 = 1.47, p = 0.26, n = 10; Fig. 4 ) before and after treatment. The proportions of active points before and after the treatment were nearly significant for PES condition experimental points (male PES, F 1,9 = 4.75, p = 0.05, n = 10; female PES, F 1,9 = 3.49, p = 0.09, n = 10; Fig. 4 ).
Discussion
The results of our first experiment suggest that urine is the single source of a putative alarm pheromone in Cabrera voles, since no other type of scent-marks were left on the substrate by voles exposed to a simulation of a predatory event. Studies on rats (Mackaysim and Laing 1981; Kiyokawa et al. 2004a; Gutierrez-Garcia et al. 2007 ) and female pigs (Vieuille-Thomas and Signoret 1992) showed that the urine of individuals that had been exposed to a stressful situation induced avoidance of the urinated area by conspecifics. Under anxiety/stress conditions, increased urination is a common behavior (Ramos and Morme`de 1997) and our results conform with this pattern, since increased urination was observed in voles exposed to the simulation of a predatory event.
Feces seem not to be a source of a putative alarm pheromone in Cabrera voles, which is in accordance with an earlier study carried out with rats where the alarm substances were not present in feces but only in the urine and body odors (Mackaysim and Laing 1981) . The results of experiment 1 showed that voles only defecated in the non-stress conditions, despite the reported association between increased defecation and stress (Tache´et al. 2001) . Anogenital scent-marks seem not to play any important role in transmitting aversive information in Cabrera voles, since such scent-marks were not observed. Several studies with Wistar rats have Fig. 3 Mean (±SE) time spent by Cabrera voles over NS substrates (black bars) and PES substrates (white bars) in the preference test (experiment 2). Both sexes spent significantly more time over NS substrates than over PES substrates. Significant differences between time spent over each substrate type are marked by asterisks for p < 0.05 (Wilcoxon signed-rank test) Fig. 4 Mean (±SE) proportion of active time spent by Cabrera voles near field experimental points with different scent-marks before (black bars) and after (white bars) placement of the scentmarked substrates (experiment 3): cotton without scent-marks as control; male NS and male PES were from the same male donors. Female NS and female PES were from the same female donors. p values are from repeated-measures ANOVA demonstrated the release of alarm substances from anal glands in the perianal region, however, these substances were not placed over the substrate but released to the surrounding air (Kikusui et al. 2001; Kiyokawa et al. 2004b Kiyokawa et al. , a, 2005 Kiyokawa et al. , 2006 . Thus, the results of our experiment cannot exclude the existence of putative volatile alarm substances in Cabrera voles, because we analyzed only scent-marks left on the substrate.
In the preference tests (experiment 2), both sexes spent significantly less time over PES than over NS substrates and a significantly higher number of voles preferred to move towards NS than PES substrates upon release in the test arena. The vole's preference towards scent-marks released in a NS situation rather than those released under PES is strong evidence that predatorylike stimuli induce the releasing of alarm substances in vole's urine scent-marks to warn conspecifics for an impending danger. Studies with other rodents, using non-natural stressors, have also shown the releasing of alarm substances that induce avoidance in conspecifics (Mackay-Sim and Laing 1980; Zalaquett and Thiessen 1991) . Rats preferred areas previously occupied by conspecifics in comparison to clean areas, and such preference decreased with the presence of stress odors to an extent concordant with levels of stressor applied to the odor donors (Mackay-Sim and Laing 1980). Also, BALB/mice tend to sidestep areas associated with odors of stressed conspecifics (Zalaquett and Thiessen 1991) . To our knowledge, the current study is the first that suggests a putative alarm pheromone associated with urine scent-marks of rodents that is released upon exposure to nature-like stressors mimicking stimuli associated with predators' proximity as occurs in nature.
In the field (experiment 3), voles of both sexes tended to reduce their activity in areas surrounding the PES urine scent-marks placed inside their home range, but did not avoid areas with no marks or marked with the urine of non-stressed voles. These results suggest that urine scent-marks released during a predatory event in the laboratory may influence voles' behavior in the field. Despite the results being only nearly significant, which is probably due to the low sample sizes, a trend for a reduction of activity was observed, suggesting that voles which perceive the putative urine-related alarm pheromone may decrease the likelihood of being detected by a predator which supports the signal to conspecifics hypothesis. The detection of the putative alarm pheromone with subsequent reduction of activity in the surroundings of the marked area would enhance voles' ability to survive, increasing its fitness. Additionally, Cabrera voles are commonly found in breeding pairs with a high co-residence period (at least 10 months) during which the pairs share the nest and surrounding area with pups (Fernandez-Salvador 1998; FernandezSalvador et al. 2001 FernandezSalvador et al. , 2005b ; placement of alarm scentmarks in response to a predation attempt by adult voles may induce avoidance of such areas by any forthcoming familiar group member and, thereby, increase the survival likelihood of direct kin (Creel 1990) . Predation risk avoidance can also carry significant costs for the prey (Lima and Dill 1990; Lima 1998; Brown et al. 1999; Lind and Cresswell 2005; Preisser and Bolnick 2008) in terms of energy acquisition, fecundity, and growth, which ultimately may affect survival. However, in areas with a strong predation risk, such as the Cabrera vole's habitats, the benefits of avoiding alarm scent-marked areas must surpass the potential costs.
In conclusion, the results support that Cabrera voles of both sexes release urine-related alarm substances upon exposure to simulated predatory-stress events; such putative alarm pheromone induces avoidance of the scent-marked areas by adults of both sexes. This feature might be extremely valuable for Cabrera voles allowing them to assess the predatory risk in a specific area based on the presence of alarm substances that seems to reduce their activity; this effect can be viewed as an anti-predatory response that increases the likelihood of survival (Kavaliers and Choleris 2001) . However, despite the effects of alarm substances on conspecifics described above, further field studies are required to assess effect of alarm substances on the survival of familiar group members and on the fitness of the scent-mark donors.
